We consider static conductivity and cyclotron resonance in a two-dimensional electron fluid and Wigner crystal. The theory is nonperturbative in the electron-electron interaction. It is formulated in terms of a Coulomb force that drives an electron due to thermal fluctuations of electron density. This force is used to describe the effect of electron-electron interaction on short-wavelength electron scattering by defects, phonons, and ripplons, and thus on electron transport. In a broad parameter range the force is uniform over the electron wavelength, and therefore the motion of an electron in the field of other electrons is semiclassical. In this range we derive the many-electron quantum transport equation and develop techniques for solving it. We find the static conductivity . Many-electron effects may ''restore'' Drude-type behavior of in the range from zero to moderate classically strong magnetic fields B, whereas in quantizing fields increases with B, i.e., the conductivity is a nonmonotonous function of B. Many-electron effects give rise also to a substantial narrowing of the cyclotron resonance absorption peak compared to what follows from the single-electron theory. The shape of the peak is found for both fast and slow rate of interelectron momentum exchange as compared with the relaxation rate. We apply the results to electrons on helium and explain why different types of B dependence of are observed. ͓S0163-1829͑97͒05924-9͔
I. INTRODUCTION
Nondegenerate two-dimensional ͑2D͒ electron systems provide an important class of strongly correlated systems, in which electrons may form a normal fluid ͑to be distinguished from a Fermi liquid and other quantum electron liquids͒ or a Wigner crystal. The best known ͑but not at all the only͒ example is the 2D electron system on the surface of liquid helium 1, 2 where mobilities higher than in any solid state conductors have been observed. In a nondegenerate system the interelectron distance ϳn s Ϫ1/2 greatly exceeds the de Broglie wavelength ⑄ T ϭប/(2mT) 1/2 ͑where n s is the electron density, and temperature is measured in the units of energy, kϭ1). Although the system is nondegenerate, the ratio of the characteristic Coulomb energy of electron-electron interaction to the kinetic energy, the plasma parameter
is usually large, ⌫տ10. Therefore the system is a normal fluid or, if ⌫տ127 ͑lower T), a Wigner crystal. [3] [4] [5] [6] An electron is not a ''good'' quasiparticle for a normal electron fluid, and its motion is very different from that in the much better understood Fermi liquid or low-density electron gas. Electron scattering by defects, phonons, or ripplons may also be substantially different. As a consequence, one may expect electron transport in a normal fluid to have distinctive features, and new physical effects to occur. Not only is the analysis of electron dynamics and transport phenomena interesting from the theoretical point of view, but such analysis, complemented with that of transport for a Wigner crystal, is necessary for the understanding of a large body of experimental data accumulated over the last few years ͑cf.
Refs. 6-18͒ on mobility, magnetoconductivity, resonant absorption, and tunneling from nearly ideal nondegenerate electron layers. It should also help to understand transport phenomena in strongly correlated low-density electron systems in semiconductor heterostructures. 19 In the investigation of many-electron effects in nondegenerate 2D systems the emphasis has traditionally been placed on plasma waves 20 ͑including edge plasmons 21, 22 ͒ and Wigner crystallization. 3, 4, 23 The analyses of transport phenomena for a plasma and a Wigner crystal are conducted quite differently. In the case of a plasma the basic transport coefficients like conductivity and magnetoconductivity are often considered in the effectively single-electron approximation. In this approximation the effect of the electronelectron interaction is described in terms of screening of the random potential that scatters individual electrons. 2͑a͒ In contrast, for a Wigner crystal the electron relaxation is described in terms of the decay of the collective excitations of the many-electron system, i.e., phonons. 4, [24] [25] [26] [27] [28] In between these two models there lies one in which the effect of electronelectron interaction is described in terms of pair collisions that may occur more often than collisions with defects or the emission of phonons/ripplons. This approximation is well known in the physics of semiconductors; 29 it was used for nondegenerate 2D systems in. 10 However, in contrast to the low-density plasma in semiconductors where often e 2 n 3D 1/3 /⑀TӶ1, the 2D electron fluid is strongly correlated, and therefore the approximation of pair collisions does not apply. The effect of viscoelastic shear modes in the electron fluid on the mobility was considered in Ref. 30 .
Electron-electron interaction would be expected to affect transport particularly strongly when a 2D electron system is placed into a magnetic field B perpendicular to the electron layer. In the single-electron approximation the electron energy spectrum in the magnetic field is a set of discrete Landau levels, with separation ប c ͑where c ϭ͉eB͉/m is cyclotron frequency͒. Electrons do not have a finite group velocity. Therefore the standard Drude picture of well separated in time elastic or quasielastic collisions of a moving electron with defects, phonons, or ripplons does not apply. As a consequence, the ͑quasi͒elastic scattering is always strong, irrespective of the strength of coupling to the scatterers, with random potential of the scatterers being the only reason for the centers of the cyclotron orbits to move.
In contrast, the energy spectrum of a system of interacting electrons is continuous even in the absence of scatterers. Therefore, although electron-electron interaction does not change the total momentum of the electron system, it may mediate the momentum transfer to the scatterers, and thus strongly affect the long-wavelength conductivity.
It was suggested in Ref. 31 that, for quantizing magnetic fields ប c ӷT and yet not too low temperatures, one may describe many-electron transport of a nondegenerate electron fluid in terms of the fluctuational field E f that drives each electron. Unlike the long-wavelength fluctuational electric field known in plasma physics, 32 the field E f , although also of fluctuational origin, determines the force driving an individual particle.
A special significance of the field E f for a 2D electron system in a magnetic field stems from the fact that it causes the cyclotron orbit centers to drift. Thus it may ''restore'' the Drude picture of electron scattering in the sense that collisions with scatterers are short and well separated in time. The effect of electron-electron interaction on cyclotron resonance was observed in Ref. 8 .
Recently it was outlined theoretically and showed experimentally 13, 14 that, in the case of scattering by a ␦-correlated random potential ͑pointlike defects͒, the field E f may also strongly affect transport in classically strong magnetic fields, ប c ϽT, c Bϭ0 ӷ1 ( Bϭ0 is the momentum relaxation time for Bϭ0). In particular, many-electron effects restore the Drude-type B Ϫ2 dependence of the magnetoconductivity for moderately strong B.
In the present paper we provide a theory of electron transport in strongly correlated electron systems. The theory applies for magnetic fields ranging from Bϭ0 through classically strong up to quantizing fields provided the motion of an electron in the field of other electrons is semiclassical. It is clear from Fig. 1 that the motion is semiclassical if the characteristic electron wavelength ͑thermal, or quantum magnetic length͒ is small compared to the characteristic thermal displacement ␦ of an electron from its quasiequilibrium position The coefficient F in ͑3͒ was found for a Wigner crystal in the harmonic approximation 25͑b͒ to be Ϸ8. 9 . A systematic Monte Carlo study of the fluctuational field E f for a normal electron fluid and for a Wigner crystal shows that FϵF(⌫) varies only slightly ͑by ϳ10%) in the range of ⌫տ10. 33 This paper is organized as follows. In Sec. II we provide a qualitative picture of many-electron transport and obtain an estimate for the conductivity in different ranges of the magnetic field. In Sec. III we derive the many-electron transport equation for the case of short-range scattering. This equation holds in the semiclassical range both in the absence and presence of a magnetic field. In Sec. IV we develop a technique for solving the transport equation in the Wigner representation, and obtain explicit solutions in the limiting cases where the rate at which electrons exchange momenta with each other is large or small compared to the momentum relaxation rate due to coupling with scatterers. In Sec. V we analyze the expression for the conductivity in classically weak and classically strong magnetic fields, and show when and how magnetoresistance arises in a 2D system of interacting electrons.
In Sec. VI we analyze static magnetoconductivity and cyclotron resonance in quantizing magnetic fields. A solution of the many-electron transport equation is obtained using the separation of the fast oscillating and slowly varying in time parts of the electron coordinate operators. In Sec. VII magnetoconductivity as a function of B is analyzed in the cases of electron scattering by a ␦-correlated random potential and by ripplons. Sec. VIII contains a brief discussion of the results. In the Appendix we analyze quantum corrections to the classical many-electron relaxation rate. 
II. QUALITATIVE PICTURE OF MANY-ELECTRON TRANSPORT

A. The domains of classical and semiclassical dynamics
Depending on the electron density n s , the 2D electron fluid may be a classical or a non-classical fluid or, in the presence of a magnetic field B transverse to the layer, a semiclassical fluid. The type of behavior is determined by the interrelation between temperature T, cyclotron frequency c , and the characteristic frequency p of short-wavelength vibrations in the system for Bϭ0 ( p can be estimated from Fig. 1͒ . For
the fluid is classical for Bϭ0. If, on the other hand, TϽប p , then quantum effects come into play. These effects are not related to overlapping of the wave functions of different electrons: it is the motion of an electron in the field created by other electrons ͑e.g., vibrations about a quasiequilibrium position͒ that becomes quantized. In a nonquantizing field B, ប c ϽT, the electron fluid remains classical if ͑4͒ is fulfilled. For ប c ϾT the fluid becomes semiclassical: the motion of an electron in the field E f is a superposition of a quantum cyclotron motion with frequencies ϳ c and a semiclassical drift of the center of the cyclotron orbit. The frequency ⍀ that characterizes the drift can be estimated from Fig. 1 if one assumes that the field E f is pointing towards the equilibrium position. Then the ''displaced'' electron drifts transverse to this field, with a velocity eE f /m c , along a circle of radius ␦. The frequency ⍀ gives the reciprocal period of this motion. For
the drift ͑translational motion͒ is semiclassical. We note that the condition ͑5͒ may be fulfilled in a sufficiently strong magnetic field c ӷ p even if TϽប p , i.e., even if the fluid is nonclassical for Bϭ0. Since
the conditions ͑4͒, ͑5͒, which are formulated in terms of energies, coincide with the condition ͑2͒ formulated in terms of lengths.
The conditions ͑4͒ and ͑5͒ apply also to the dynamics of a Wigner crystal and show where it is classical and semiclassical, respectively. The spectrum of phonons of a crystal was analyzed in Ref. 34 ; p is the characteristic Debye frequency of the crystal for Bϭ0. For c ӷ p the spectrum consists of the optical branch ͑that starts at c ) and a low frequency branch; the widths of the branches are ϳ⍀, and ͑5͒ means that the low-frequency vibrations are classical.
We note that the melting temperature of the crystal T m as given by the condition ⌫Ϸ127 may be greater or less than ប p depending on the electron density (T m ϰn s 1/2 , p ϰn s 3/4 ; for electrons on helium ប p /T m Ϸ1.3 when n s ϭ10 8 cm Ϫ2 ). From this perspective it is particularly important that the magnetic field can be used to ''switch'' the 2D system, either a fluid or a crystal, from the domain of quantum dynamics, ប p ӷT, to the semiclassical domain, Tӷប⍀.
The long-wavelength conductivity () depends on both the many-electron dynamics and the mechanism of electron scattering. We will consider scattering by short-range scatterers which include neutral point defects, acoustic phonons, and for electrons on liquid helium surface, helium vapor atoms and ripplons ͑the effects of long-range scattering by ripplons, including onset of coupled plasmon-ripplon modes, 4 will not be discussed in this paper͒. In most cases the corresponding scattering is elastic or quasielastic.
We will assume coupling to the scatterers to be weak enough that the characteristic scattering rate Ϫ1 is small compared to the reciprocal characteristic duration of a collision t coll Ϫ1 ,
The actual conditions that have to be fulfilled for ͑6͒ to hold true depend on the magnetic field and will be specified below. We notice that ͑6͒ may apply in the range of strong magnetic fields, c ӷ1, only because of many-electron effects; in the single-electron approximation one should speak of lifting the degeneracy of Landau levels rather than of occasional collisions with the scatterers.
B. The conductivity for weak to moderately strong magnetic fields
We will first analyze the effect of the field E f on the collisions with short-range scatterers for not too strong magnetic fields where
The condition ͑7͒ does not mean that the magnetic field is weak. The field may well be classically strong, i.e., there may hold the inequality c ӷ1, where Ϫ1 is the scattering rate. In what follows we use the term ''moderately strong fields'' for classically strong magnetic fields that satisfy condition ͑7͒.
In the range ͑7͒ an electron moves classically and has a well-defined kinetic energy p 2 /2mϳT and a well-defined potential energy in the field of other electrons. Uncertainty of each of these energies is determined by smearing of the electron wave packet. For an electron in an electric field E f this uncertainty is characterized by eE f ⑄ T and is small compared to T. This means that, in spite of the electron system being strongly correlated, the electron-electron interaction has little effect on collisions with short-range scatterers in the absence of a magnetic field. One can also see this from the following arguments. The duration of a collision is determined by the time it takes an electron to fly past the scatterer. For shortrange scatterers and for electrons with thermal velocities v T ϭ(2T/m) 1/2 this time is t coll ϳ⑄ T /v T ϳប/T. The acceleration of the electron in the field E f over this time is
The role of the field E f becomes very different in the presence of a magnetic field, since the field E f tilts Landau levels and makes the electron energy spectrum continuous. It is clear from Fig. 2 that for an electron wave packet of size ⑄ T the discreteness of the one-electron energy spectrum due to Landau quantization is washed out by many-electron effects if eE f ⑄ T ӷប c . 13 One would therefore expect that even in classically strong magnetic fields, c ӷ1, collisions with scatterers will occur nearly as if there were no magnetic field at all. Then the many-electron system should not display magnetoresistance, and in the whole range ͑7͒ the static conductivity is given by a simple expression
where
Bϭ0
Ϫ1 is the scattering rate calculated for Bϭ0 in the approximation where the effect of the electron-electron interaction on collisions with scatterers is ignored. If the scattering remains the same as in the absence of the magnetic field, the off-diagonal component of the conductivity should be given by the expression ͉ xy (ϭ0)͉ ϭ c
. In this case there is no magnetoresistance: the resistivity (B)ϭ xx /͓ xx 2 ϩ xy 2 ͔ϭ(0). We emphasize that the absence of magnetoresistance in the range ͑7͒ for classically strong magnetic fields, known experimentally since Ref. 7 , is a purely many-electron effect.
C. The conductivity for ''strong'' strong magnetic fields
Onset of magnetoresistance in classically strong magnetic fields, TϾប c Ͼe͗E f
⑄ T , can be qualitatively understood in the following way. If there were no fluctuational electric field, an electron in the magnetic field would be moving along a trajectory of the shape of a rosette: it is a nearly closed circle, with its center slowly rotating around the defect, so that the electron is coming back to the defect, over and over again, with period 2/ c . 35 In the presence of the field E f the center of the electron cyclotron orbit drifts with a velocity E f /B. Therefore the number of times the scatterer is encountered is finite. It is clear from Fig. 3 . ͓This estimate can be also obtained using density-of-states arguments: the singleelectron energies are ''squeezed'' into Landau bands with spacing ប c ; the potential ͑and thus also kinetic͒ energy uncertainty of an electron wave packet of a size l B in the field E f is ϳeE f l B , and therefore the overall density of states into which the electron may be scattered is increased by a factor ϳប c /eE f l B compared to the single-electron density of states for Bϭ0.͔ The value of R B in the domain ប c տT is given by the characteristic radius of the electron wave function, whereas t coll is given by the time of flight over the wavelength ⑄, It follows from ͑8͒, ͑9͒ that the magnetoconductivity is nonmonotonous as a function of B. It decreases in the range ͑8͒, reaches a minimum for ''strong'' classically strong fields where ӷ1, and then, for pointlike scatterers, increases as B 1/2 in the range ប c ӷT ͑see Fig. 6 in Sec. VII A͒. Equation ͑9͒ gives also the characteristic value of the halfwidth ␥ϳ Ϫ1 of the peak of cyclotron resonance of a many-electron system in a strong magnetic field. We note that in the classical range Tӷប c the expressions for ␥ and for the relaxation rate in Eqs. ͑8͒, ͑9͒ for the static conductivity coincide with each other. This is no longer true in the quantum range ͑see Sec. V͒.
D. Interelectron momentum exchange
The exchange of momentum between electrons does not affect the long-wavelength conductivity directly, 37 since it does not change the total momentum of the electron system. However, its role in the transport may be substantial. This is well-known in the theory of low-density electron plasma in semiconductors 29 from the analysis of the case where the single-electron rate of collisions with scatterers s Ϫ1 (⑀) depends on the electron energy ⑀. In the single-electron approximation the static conductivity ͑for Bϭ0) is a sum of the conductivities of electrons with different energies and thus different scattering rates. Therefore it is given by the appropriately averaged ͑over ⑀) reciprocal scattering rate, ϭe 2 n s s (⑀)/m. The interelectron momentum exchange occurs via pair electron-electron collisions. If their frequency greatly exceeds s Ϫ1 (T), then the electron energy varies substantially between collisions with the scatterers, and relaxation of the total momentum of the electron system is characterized by the average collision rate s Ϫ1 (⑀), so that ϭe 2 n s /m s Ϫ1 (⑀). From the discussion in Sec. II B one would expect that similar arguments apply to the static conductivity of a strongly correlated classical electron fluid for weak magnetic fields. Here, an electron exchanges its momentum with other electrons not via pair collisions but by being accelerated by the Coulomb force from these electrons. The rate of interelectron momentum exchange ex Ϫ1 is given by the frequency of the electron vibrations p , as it is clear from Fig. 1 ͑this frequency also characterizes time evolution of the velocity autocorrelation function in the electron system. 38 
as it was assumed in Eq. ͑8͒, the conductivity is determined by the average rate s Ϫ1 (⑀). The role of interelectron momentum exchange in strong fields B, where collisions with scatterers are mediated by the electron-electron interaction, is clear from the analysis of cyclotron resonance. Resonant absorption at frequency c is due to transitions between neighboring Landau levels, ͉͘→͉ϩ1͘. ''Partial spectra'' which correspond to different transitions are broadened because of collisions with scatterers ͑the collision probabilities are determined by the fluctuational field E f ). Prior to averaging over the many-electron ensemble the broadening of a spectrum ␥ (E f ) depends both on the level number and E f . Even if all partial spectra are Lorentzian, but with different widths, the total spectrum may be non-Lorentzian. 39 Interelectron momentum exchange gives rise to transitions between the Landau levels of individual electrons. In a transition one electron ''jumps'' up and another electron ''jumps'' down by one Landau level ͑we neglect processes where the quantized cyclotron motion with the frequency c is transformed into low-frequency motion of the centers of the electron wave packets͒. The transition probability can be estimated by separating fast-oscillating and slowly varying terms in electron coordinates and momenta, as described in Sec. V. For ប c տT this probability is ϳ⍀ϵ p 2 / c . The frequency ⍀ gives also the reciprocal time over which the fluctuational field on an electron is averaged, as it is clear from Fig. 1 . The condition for the interelectron momentum exchange to be faster than the momentum exchange with the scatterers is then of the form
For fast interelectron momentum exchange this is relaxation of the total momentum of the electron system that determines the shape of the cyclotron resonance spectrum, and the spectrum is Lorentzian with a width given by the appropriately averaged ␥ (E f ) ͑see Sec. V͒. In the opposite case, ex Ϫ1 Ӷ Ϫ1 , the cyclotron resonance spectrum is non-Lorentzian. For TӶប c the conductivity is determined by the transitions from the lowest Landau level (ϭ0). The explicit form of the spectrum in this case for Gaussian distribution of the fluctuational field E f is obtained in Sec. VII ͑see Fig. 5͒ .
III. MANY-ELECTRON QUANTUM TRANSPORT EQUATION
We will initially formulate the many-electron transport equation for the case of electrons coupled to ͑and quasielastically scattered by͒ 2D vibrations of the bath ͑phonons or ripplons͒. The Hamiltonian of the system is of the form ͑from now on we set បϭ1)
Here, b q ϩ , b q are creation and annihilation operators of the vibrations, p n ϭϪiٌ n ϪeA(r n ) is the electron momentum, A"r… is the vector-potential of the magnetic field transverse to the electron layer, and
The wave vectors q of the vibrations as well as the vectors r n ,p n are 2D vectors. In the equations of motion, eϭϪ͉e͉ is the ''true'' electron charge.
The real part of the long-wavelength conductivity is expressed in terms of the correlation function of the total momentum of the electron system P in a standard way as
Here, S is the area of the system, ␤ϭ1/T, and the superscript H means that the operators are evaluated in Heisenberg representation with a complete Hamiltonian Ĥ ͑14͒. It is convenient to write the momentum correlator in the interaction representation:
where Tr e and Tr b are the traces over the wave functions of the electron system and of the vibrations, and ZϭTr e Tr b exp(Ϫ␤Ĥ ) is the partition function.
A. Transport equation in operator form
In Eq. ͑17͒ the coupling to the scatterers has been moved into the operator Ĝ x (t). In the parameter range ͑6͒ where collisions with the vibrations are short compared to the intercollision intervals, i.e., the interaction Ĥ i is small enough, Ĝ x (t) may be evaluated by perturbation theory in Ĥ i where in each order of Ĥ i account is taken only of the terms that most strongly diverge when t→ϱ. This is the quantum transport equation approximation. In the single-electron problem this approximation corresponds, in terms of Feynman diagrams, to the neglect of nested diagrams and diagrams with intersecting lines.
The many-electron transport equation may be written in the operator form as
is the partition function of the bath.
The most substantial assumptions made in deriving ͑18͒ are that t,ӷt coll ,T Ϫ1 . The quantity t coll characterizes the width of the interval tϪtЈ that contributes to the integral in ͑18͒: this interval is supposed to be small compared to t and to the relaxation time over which Ĝ x (t) varies.
In what follows we consider short-range scattering and assume it to be quasielastic. The latter means that the characteristic frequencies q of the vibrations of the bath are small:
Here we have taken into account that the characteristic electron momentum that may be transferred to vibrations, and thus the characteristic values of q, are determined by the thermal wavelength ⑄ T ͑2͒ or the quantum magnetic length
The condition ͑19͒ means also that the polaronic renormalization of the electron energy is small compared to electron damping. In what follows we ignore polaron effects ͓the shift of the cyclotron resonance peak in quantizing magnetic fields was analyzed in Ref. 25͑b͔͒. In this approximation the vibrations of the bath may be considered as creating a quasistationary classical zero-mean Gaussian field.
B. ''Single-site'' approximation
In a strongly correlated electron system at most one electron at a time may collide with a given short-range scatterer ͑see Fig. 4 ; we notice that the colliding electron is driven by the field from other electrons͒. Therefore short-range scattering may be described in the ''single-site'' approximation ͑cf. Ref. 25͒. In this approximation only diagonal terms are retained in the double sum over the electrons that enters the product Ĥ i (t)Ĥ i (tЈ) in ͑18͒. Equation ͑18͒ may then be written in the form
applies also if electrons are scattered by defects or helium vapor atoms. In this case ͉V q ͉ 2 should be replaced by the mean squared Fourier component of the random potential of the defects.
The first step towards solution of the operator equation ͑20͒ is transformation of this equation into a set of equations for the matrix elements of Ĝ x . It follows from ͑17͒, ͑20͒ that it is convenient to evaluate these matrix elements on the wave functions of the many-electron system at tϭ0.
It is a distinctive feature of the transport equation ͑20͒ that the time evolution of the operators r n (t) is given by the solution of a problem of many-electron dynamics which is not known. Therefore the matrix elements of the operators exp"iqr n (t)… in ͑20͒ for actual tϳӷt coll on the wave functions at tϭ0 are also not known. This is in contrast to what is the case for simple systems described by a transport equation, like a single electron or an oscillator, where the evolution of the dynamical variables of the system in the absence of coupling to the scatterers can be found explicitly. It is convenient therefore to change from the operator Ĝ x to the operator Ĝ x ,
It is seen from ͑20͒ that the collision term ͓‫ץ‬G x /‫ץ‬t͔ coll contains the operators exp(ϪiĤ 0 t)r n (t)exp(iĤ 0 t)ϵr n (0), exp(ϪiĤ 0 t)r n (tЈ)exp(iĤ 0 t)ϵr n (tЈϪt). The matrix elements of the latter operators on the wave functions of the manyelectron system at tϭ0 can be evaluated taking into account that the instants of time t and tЈ in ͑20͒, ͑21͒ are close to each other, tϪtЈϳt coll Ӷ. In what follows we will analyze the solution of Eq. ͑21͒ in different ranges of the parameters of the system.
IV. TRANSPORT EQUATION FOR CLASSICAL MAGNETIC FIELDS
Equations ͑16͒, ͑17͒, ͑20͒, ͑21͒ reduce the calculation of the conductivity to evaluation of the expressions that are determined by dynamics of the isolated many-electron system. In transforming Eq. ͑21͒ into a set of equations for matrix elements of the operator Ĝ x it is convenient to use different wave functions for different ranges of the magnetic field. In the present subsection we investigate the range of B where
When ͑22͒ holds an electron has a well-defined kinetic energy p 2 /2mϳT and a well-defined potential energy in the field of other electrons. Uncertainty of each of these energies is determined by the smearing of the electron wave packet ⑄ T . For an electron in an electric field E f this uncertainty is given by eE f ⑄ T , and it is small compared to T. Although the field E f is small in a certain sense, it may still dramatically affect magnetotransport, as explained in Secs. II B and II C, and the transport is qualitatively different depending on the relation between eE f ⑄ T and the Landau level spacing c .
A. Wigner representation of the transport equation
In the domain ͑22͒ the electron dynamics are nearly classical. Therefore an appropriate set of wave functions of the many-electron system are plane waves,
and it is convenient to use the Wigner representation for the electron operators,
It follows from ͑24͒ that the correlator ͑17͒ that determines the conductivity xx () can be written in the form
where G x (t;͕p n ͖,͕r n ͖) is the matrix element of the operator
The equation for G x (t;͕p n ͖,͕r n ͖) follows from ͑21͒. In writing this equation we will take into account that the characteristic values of p n are ϳ(mT) 1/2 , and that the scale of r n on which G x (t;͕p n ͖,͕r n ͖) varies is given by the electron mean free path L ͓Lϳ(T/m) 1/2 in the range ͑22͔͒ and the characteristic displacement ␦ of an electron from its quasiequilibrium position ͑cf. Fig. 1͒ . To lowest order in
where G x ϵG x (t;͕p n ͖,͕r n ͖).
The first term in ͑26͒ is the Poisson bracket of the matrix elements G x (t;͕p n ͖,͕r n ͖),H 0 (͕p n ͖,͕r n ͖). It describes evolution of the classical many-electron distribution function in the absence of scatterers. In deriving the expression for ͕G x H 0 ͖ from Eqs. ͑21͒, ͑24͒ it is convenient to write it first in terms of the derivatives over k n ,r n ͑in these variables the expression has a standard form 40 ͒, and then go over to derivatives over p n ,r n . The matrix elements H 0 (͕p n ͖,͕r n ͖) of the Hamiltonian H 0 are given by the corresponding terms in ͑14͒ with the operators p n replaced by numbers p n . Finally we obtain
Here, E n is the electric field that drives the nth electron because of its interaction with other electrons.
The collision term
To find the collision term in ͑26͒ we have to perform integration over tЈ in ͑20͒, ͑21͒. The characteristic range of tЈ that contributes to the integral is given by t coll . We will see that t coll is small compared to the time during which an electron moves by the distance ϳ␦ ͑see Fig. 1͒ and the fluc-tuational electric field varies substantially. Therefore ͑except when analyzing corrections͒ we will assume the field E n to be independent of time when evaluating
and we will use for p n (tЈ) the solution of the equation of motion dp n /dtϭeE n ϩ(e/m)p n ϫB in a uniform timeindependent electric field E n and transverse magnetic field B,
Although the operators p n and p n ϫB do not commute, the commutator of the respective terms in ͑29͒ is small in the range ͑22͒. It is seen from ͑21͒, ͑26͒ that to find G x we need the matrix elements of the operators exp(ϪiĤ 0 t)exp͓ϪiqF"tЈϪt,p n (t)…͔exp(iĤ 0 t) on the wave functions ͑23͒. They can be obtained in the WKB approximation simply by replacing the operators r n ,p n by the numbers r n ,p n ϭk n ϪeA(r n ). Then the collision term in ͑26͒ takes on the form
In ͑30͒ we have assumed that ͉V q ͉ 2 is independent of the direction of q.
B. Single-electron approximation for B‫0؍‬
Equations ͑16͒, ͑25͒-͑30͒ give a well-known result in the absence of a magnetic field and in the single-electron approximation, i.e., in the neglect of the electron-electron interaction H ee in ͑14͒. In this case, for characteristic qϳp n ϳ(mT) 1/2 and for time tӷt coll ϭ1/T the function n ϵ n (s) in ͑30͒ becomes a ␦ function of the energy conservation law:
͑31͒
The solution of Eq. ͑26͒ in the single-electron zero-B approximation is given by
Equations ͑16͒,͑25͒,͑32͒ result in a standard expression for single-electron conductivity in the absence of a magnetic field, with a frequency-dependent relaxation rate,
where averaging over ⑀ is performed with the weighting factor ϰ⑀exp(Ϫ␤⑀). In particular the low-frequency (Ӷ1) conductivity (s) () is determined by (s) (⑀), whereas the high-frequency conductivity is determined by the average collision frequency 1/ (s) (⑀). In the presence of a magnetic field the structure of the time dependence of the exponential in the expressions ͑28͒-͑30͒ for the kernel n (q,p n ) is completely changed: the function F becomes periodically oscillating in time, with a frequency c . Therefore integration over tЈ in ͑30͒ does not give a ␦ function of the type ͑31͒. In fact, the integral over tЈ explicitly depends on t and diverges with increasing t ͑the orbit of an electron is a closed circle, and therefore the electron encounters a scatterer infinitely many times͒. This is an indication of the inapplicability of the transport equation in the single-electron approximation.
C. Many-electron theory
General form of the solution of the transport equation for strong electron-electron interaction
The interelectron momentum exchange is described by the terms eE n ‫ץ‬G x /‫ץ‬p n and m Ϫ1 p n ‫ץ‬G x /‫ץ‬r n in Eqs. ͑26͒, ͑27͒. The former terms are ϳeE f ⑄ T G x , and so are the latter as is clear from ͑32͒ if one uses the full Boltzmann factor exp(Ϫ␤H 0 ) in G x (s) ͑instead of retaining only kinetic energy in H 0 ). Therefore the interelectron momentum exchange may substantially affect the conductivity if eE f ⑄ T տ Ϫ1 . The analysis of many-electron transport is simplified if the interelectron momentum exchange rate ex Ϫ1 ϳeE f ⑄ T ӷ Ϫ1 , or equivalently p ӷ1 ͓cf. ͑12͔͒. This condition may also be understood as the condition for the uncertainty of the kinetic energy of an electron due to interaction with other electrons to be much larger than the uncertainty due to collisions with scatterers. In the corresponding parameter range the solution for G x may be sought in the form
The sign of the off-diagonal terms of the matrix ⍀ c (t) corresponds to B pointing in the positive direction of the z axis and allows for the sign of the electron charge. The function g x depends on the coordinates and momenta of individual electrons only in terms of the total momentum and energy of the whole system. For G x given by ͑33͒ the sum of the terms that contain E n and ‫ץ‬G x /‫ץ‬r n in ͑27͒ is equal to zero ͑because ͚ n E n ϭ0). Qualitatively, Eq. ͑33͒ means that, for fast interelectron momentum exchange, the change of the momentum of an nth electron due to a collision with a scatterer is ''shared'' by other electrons before the electron is scattered again.
In view of the initial conditions for G x that follow from ͑17͒, ͑21͒, and allowing for symmetry arguments (G x is the x component of a vector͒ we will assume that g x is the x component of a vector g(t;⍀ c P,H 0 ), and we will seek this vector in the form
with the initial condition g(0)ϭ1. In fact, we could seek g in a more general form of a function of t and H 0 , but in the case of elastic scattering the energy of a colliding electron, and thus the energy of the electron system as a whole, is conserved, and therefore the dependence of g on H 0 does not vary in time and is determined by the initial conditions.
Many-electron collision term
The collision integral ͓‫ץ‬g/‫ץ‬t͔ coll for the solution of the kinetic equation of the form ͑33͒, ͑34͒ is given by ͑30͒ with G x replaced by g(t;⍀ c P,H 0 ). Since the value of H 0 is not changed in a collision, we have
The only singled out direction of the transferred momentum for the many-electron system is the direction of the total momentum P. Therefore in the last line of the above equation one may replace q⇒ ͑ q-P͒P P
2
.
͑35͒
The characteristic values of P we are interested in are the fluctuational ones,
The momenta of different electrons subject to the condition that the total momentum be equal to P are basically uncorrelated for P of the order of ͑36͒, ͗p n p n Ј ͘ϳN Ϫ3/2 for n nЈ ͓to show this one may write ␦(PϪ͚ n p n ) in the form of a Fourier integral and then perform averaging over all momenta p n with the Boltzmann weighting factor͔. Therefore to the lowest order in the number of electrons
It follows from ͑30͒, ͑35͒ that in the collision integral ͓‫ץ‬g/‫ץ‬t͔ coll the term that depends on the direction of q is proportional to the expression n (q,p n ) ͚ n Ј (q•p n Ј ). This term should be averaged over q directions ͓this is a part of the summation over q in ͑30͔͒. Since the momenta of different electrons are approximately independent from each other, the major contribution to the average comes from the term in the sum over nЈ with nЈϭn. According to ͑31͒ qp n ϭϪ 1 2 q 2 . Therefore upon averaging over the directions of q ͑denoted by the subscript q/q) we obtain
Ϫiqr n ͑ 0 ͒ ͘.
Here, we have set the limits of integration over time to be infinite; this can be done if the duration of a collision ͑the actual range of time that contributes to the integral over t) is much smaller than the relaxation time ͓which determines the characteristic limit of the integral over time in the expression ͑30͒ for n (q,p n )͔. The statistical averaging in ͑37͒ is performed to zeroth order in the coupling to the scatterers. Clearly, (q) in ͑37͒ is a dynamical structure factor of the electron system at zero frequency evaluated in the single-site approximation ͑it should not be confused with a static structure factor which is the integral over the frequency͒. The above expressions result in the following simple form of the collision term for the function g:
For zero magnetic field Eq. ͑38͒ was derived in Ref. 25͑c͒ assuming that electrons form a Wigner crystal. The relation between losses of an electron system moving above the helium surface and the structure factor was considered for an electron fluid at Bϭ0 in Ref. 41 ͓in the case of strong magnetic fields this relation was also considered in Ref. 31͑a͔͒, and the problem of corrections due to simultaneous scattering of several electrons by one ripplon was addressed there. The solution of the kinetic equation for the function g(t) in ͑34͒ is exponential, g(t)ϭexp(Ϫt/).
V. CLASSICAL MANY-ELECTRON CONDUCTIVITY
Equations ͑16͒, ͑25͒, ͑33͒, ͑38͒ provide a simple expression for the frequency-dependent conductivity of the manyelectron system. In particular the static conductivity is of the Drude type, For c ӷ1 ͑classically strong magnetic fields͒ the conductivity as a function of frequency has a sharp peak at ϭ c . This peak corresponds to cyclotron resonance,
͑ ͒ϭ
e 2 n s 2m 1ϩ͑Ϫ c ͒ 2 2 , ͑40͒ ͉Ϫ c ͉Ӷ c , c ӷ1.
The parameter
Ϫ1 in ͑39͒, ͑40͒ is the collision frequency calculated in the many-electron theory and given by Eq. ͑38͒. We note that one and the same collision frequency determines static conductivity and cyclotron resonance in the classical theory ͑it is no longer true in quantizing magnetic fields͒. It is expressed in terms of the ͑Fourier transformed͒ short-wavelength electron density correlator (q) ͑37͒, and it depends both on the magnetic field and the fluctuational electric field in the system. It is Ϫ1 that describes onset of magnetoresistance, the dependence of mobility on electron density, as well as the density and temperature dependence of the width of the cyclotron resonance peak in classically strong magnetic fields.
In the classical limit we are considering in this section the statistical averaging for the isolated electron system in Eq. ͑37͒ for (q) is reduced to integration over electron coordinates and over electron momenta with the weight exp͓Ϫ␤H 0 (͕p n ͖,͕r n ͖)͔ ͑quantum corrections are discussed in the Appendix͒. The averaging of n (q,p n ) over p n is straightforward with account taken of the explicit form of the function F(t,p n ) ͑29͒, and the resulting expression for (q) contains only configuration averaging which comes to the averaging over the fluctuational field E f :
The probability density distribution of the fluctuational field (E f ) to be used for the averaging in ⌽ E (t) is the probability density of the field E n on an nth electron:
͓clearly, the distribution ͑43͒ is independent of n͔. Detailed results on the probability distribution ͑42͒ are presented in Ref.
33͑b͒. In the rest of this section we consider the explicit form of the correlator (q) ͑41͒ in the two interesting limiting cases.
A. Weak to moderately strong magnetic fields
The expression for (q) and thus for the collision frequency Ϫ1 ͑38͒ is simplified in the range of weak to moderately strong magnetic fields, Tӷe͗E f
is a rapidly oscillating function of time if tտ c Ϫ1 , and the contribution of this time domain to the integral over time ͑41͒ is negligibly small.
The major contribution to (q) in the range ͑7͒ comes from the domain c tӶ1. To lowest order in c t
͑ Tt
The characteristic time that contributes to the integral of (t)⌽ E (t) ͑the collision time͒ is seen to be equal to
This can be easily understood, since for e͗E f 2 ͘ 1/2 ⑄ T ӷ c an electron has a continuous spectrum and moves with a thermal velocity (T/m) 1/2 . Therefore a collision with a shortrange scatterer ''lasts'' for the time it takes an electron to fly over the thermal wavelength ⑄ T . One may also say that an electron is ''blown away'' by the fluctuational field once it has collided with a scatterer.
Both the magnetic field and the fluctuational electric field drop out from (q) in the above approximation. They give rise only to quantum corrections. These corrections are found in the Appendix. With account taken of them the expression for (q) takes on the form
͑45͒
It is clear from Eq. ͑45͒ that not only are the quantum corrections parametrically small, but that they also contain a small numerical factor. This means that in the range ͑7͒, although the electron system is strongly correlated, the electron-electron interaction only weakly affects the rate of short-range scattering
The fact that the correlator (q), and thus Ϫ1 , are nearly independent of the magnetic field, is an indication of the extremely important role of electron-electron interaction: it is because of this interaction, and only in the range ͑7͒ where this interaction is in a certain sense stronger than the magnetic field, that the magnetic field just drops out of the expression for a static conductivity, even when the field is classically strong, c ӷ1. As explained in Sec. II B, in the range ͑7͒ electron-electron interaction ''restores'' a simpleminded Drude model of conductivity which shows no magnetoresistance. We notice that the peak of the cyclotron resonance may be very sharp in the range ͑7͒, and its halfwidth is approximately given by the scattering rate Ϫ1 calculated for Bϭ0 and in the neglect of the effect of the fluctuational field.
B. ''Strong'' classically strong magnetic fields
It follows from the qualitative arguments given in Sec. II C that scattering by short-range scatterers should change and magnetoresistance in classical magnetic fields should arise when the displacement of cyclotron orbit center over the time 2/ c due to the electron drift in fluctuational field becomes smaller than the thermal wavelength,
͑47͒
In this case an electron collides with the same scatterers several times ͓the encountering factor is estimated in Eq. ͑9͔͒. We note that the occurrence of magnetoresistance in the range ͑47͒, predicted based on the picture of an electron spiralling along a semiclassical orbit, is consistent with the quantum picture. Indeed, it follows from the condition e͗E f 2 ͘ 1/2 ⑄ T ӶT ͓which, in turn, follows from ͑2͔͒ that in the range ͑47͒ we have
and therefore the Landau level spacing exceeds the uncertainty of the kinetic energy of an electron wave packet in the fluctuational field.
To calculate the correlator (q) and thus the relaxation rate in the domain ͑47͒ we will evaluate the integral over time in ͑41͒ by the steepest descent method. This is justified, since for characteristic qϳ(mT) 1/2 the exponent in (t) ͑41͒ is a large negative number ϳ(T/ c ) 2 everywhere except for comparatively narrow (ϳT Ϫ1 ) time intervals around the points c tϭ2s with integer s. For the same q the param-
. Therefore the positions of the saddle points of the integrand (t)⌽ E (t) are determined by the function (t) and are given by t s ϭ2s c Ϫ1 Ϫi(2T) Ϫ1 , and the result of the integration over t in ͑41͒ reads
͓averaging over E f is done with the probability distribution (E f ) defined in ͑43͔͒.
It follows from ͑48͒ that in the range of comparatively strong ͑but still classical͒ magnetic fields ͑47͒ the electron relaxation rate depends explicitly on the many-electron fluctuational field. This dependence becomes particularly simple in sufficiently high magnetic fields where the inequality ͑47͒ is strong. In this case the exponent in ͑48͒ varies only slightly when s is changed by 1, and therefore one may go from the sum over s to the integral,
Equation ͑49͒ corresponds to the case where an electron collides with one and the same scatterer many times. The encountering factor is given by the coefficient ( c B/q)͗E f Ϫ1 ͘ in ͑49͒ for characteristic q Ϫ1 ϳ⑄ T , and this factor coincides with the estimate of in Eq. ͑9͒. We notice that each ''individual'' collision event is an elastic collision, and in this collision the electron kinetic energy is conserved: qp n ϭϪq 2 /2 where q is the transferred momentum. This can be seen from Eq. ͑30͒ for (q,p n ) if instead of averaging over p n ͓made to obtain ͑41͔͒ one first performed integration over time. In the range ͑47͒ the major contribution to the integral over time comes from the integrals over the intervals which are centered at tϭ2s/ c and have characteristic widths that exceed T Ϫ1 but are small compared to c Ϫ1 . Each of these integrals gives the ␦ function of the energy conservation ͑31͒. The total duration of a collision in the range ͑47͒ is
It is small compared to the time ⍀ Ϫ1 ͑5͒ over which the fluctuational field driving an electron noticeably varies, which provides justification of the approach in which this field is assumed to be time independent.
We notice also that, in contrast to the case of moderately strong magnetic fields ͑7͒ where the E f -dependent correction to the relaxation rate in ͑45͒ contains ͗E f 2 ͘, Eq. ͑49͒ contains a different moment of the probability density distribution of the fluctuational field, the mean reciprocal fluctuational field ͗E f Ϫ1 ͘.
VI. MANY-ELECTRON CONDUCTIVITY AND CYCLOTRON RESONANCE IN QUANTIZING MAGNETIC FIELDS
In quantizing magnetic fields, c տT, ͑50͒
the band structure of the electron energy spectrum should be taken into account explicitly. The qualitative picture of electron scattering in this case was described in Sec. II C. For c ӷT electrons occupy the lowest Landau level, whereas for higher T higher Landau levels are occupied. The characteristic wavelength of an electron ͑the distance between the nodes of the wave functions͒ is given in order of magnitude by the expression
͓cf. ͑9͔͒. The value of ⑄ Ϫ1 determines the momentum that may be transferred to a short-range scatterer in the collision. The total scattering probability would be expected to be proportional to the ''encountering factor'' discussed in Sec. II C and given by Eq. ͑9͒.
The quantitative many-electron theory in quantizing magnetic fields should be formulated in a different way for static conductivity and for cyclotron resonance. This is clear from the fact that, e.g., for TӶ c static conductivity is determined by the scattering within the lowest Landau level, whereas broadening of the cyclotron resonance peak is determined by the scattering both in the lowest and first excited levels. In more formal terms, the conductivity () is determined by the polarization operator ⌸(). The difference of ⌸() for ϭ0 and ϭ c becomes substantial when the duration of a collision exceeds c Ϫ1 , as it does in the range ͑50͒.
A. Static conductivity
In the range of strong magnetic fields, c ӷ1, it is convenient to transform Eq. ͑16͒ when evaluating static conductivity. One may first multiply the Heisenberg equation of motion
by P x H (0) from the right and perform statistical averaging and a Fourier transform over time. Then Eq. ͑52͒ may be multiplied by ͚ n ‫ץ‬Ĥ i H (0)/‫ץ‬y n from the left, and again statistical averaging and a Fourier transform over time ͑at frequency Ϫ) should be performed. Neglecting the terms proportional to in the resulting two equations and allowing for the system to be isotropic one then arrives at the expression ͑ ͒ϭ e 2 2m 2 c 2 TS
͑53͒
To lowest order in ( c ) Ϫ1 the correlation function of the operators ٌ n Ĥ i H can be calculated in the neglect of interaction between the electrons and the scatterers, i.e., one can replace
In the case of short-range scattering, as is clear from Fig. 4 , one should keep only diagonal terms with nϭnЈ in the double sum in ͑53͒. If one further assumes that electrons are scattered by defects or by 2D vibrations of the bath ͑phonons or ripplons͒ with typical frequencies small compared to T, t coll Ϫ1 , the expression for the static conductivity can be written in the form
͑for clarity, we have explicitly incorporated ប). Here, ͉V q ͉ 2 is the mean square Fourier component of the potential of the scatterers, and (q) is the ͑Fourier transformed͒ electron density correlator defined in Eq. ͑37͒. Equation ͑54͒ has the form of Eq. ͑9͒ which gives the conductivity in terms of phenomenologically introduced diffusion length R B and scattering rate Ϫ1 , with R B given by the estimate ͑11͒. In the limit of classically strong magnetic fields, c ӶT but c ӷ Ϫ1 , Eq. ͑54͒ goes over into Eqs. ͑38͒, ͑39͒ obtained before in a different way.
Operators of the centers of the electron wave packets
To evaluate the electron density correlator (q) for a many-electron system in the quantum range ͑50͒ it is convenient to introduce the operators r n of the positions of the centers of the electron wave packets:
͓x n ,ỹ n ͔ϭϪi/m c ͓ is defined in ͑52͒, ͉͉ϭ1͔.
In the semiclassical domain ͑4͒, ͑5͒ the characteristic values of the momenta p n are ϳ⑄ Ϫ1 , and they are very much smaller than the characteristic range ␦ ͑3͒ within which the centers of the wave packets r n vary. In the analysis of the dynamics of the centers of electron orbits, to the lowest order in ⑄/␦ one can express the operator Ĥ ee (͕r n ͖) in terms of the operators r n and p n and retain only the zeroth-order terms in p n in the expansion of Ĥ ee :
. It follows from ͑55͒ and also from ͑2͒, ͑3͒ that the terms dropped in ͑56͒ are
In the approximation ͑56͒ the electron motion is a superposition of quantum cyclotron motion and semiclassical drift of the orbit centers. The cyclotron motion has much in common with vibrations of a harmonic oscillator. It is described by the raising and lowering operators p n␣ that move the electron to an upper ͑for ␣ϭϩ) or lower ͑for ␣ϭϪ) Landau level, and by the wave functions ͉ n ͘ in the occupation number representation:
͑the functions ͉ n ͘ with different n correspond to the same position of the center of the cyclotron orbit of the nth electron͒.
The operators p n␣ commute with the operators r n , and the Hamiltonian of the electron system takes on the form
Electron density correlator
Using ͑55͒, ͑57͒, ͑58͒ one can write the operator exp"iqr n (t)… in (q) ͑37͒ in the form
͑59͒
The field E n here is the fluctuational field driving the nth electron. It is given by Eq. ͑27͒, with r n Ј replaced by r n Ј . In deriving the expression for the drift velocity dr n /dtϭϪi͓r n ,Ĥ ee ͔ we used the commutation relations ͑55͒ and dropped the higher-order commutators ϰ͓r n Ј ,Ẽ n ͔ ͑or ϰ͓r n Ј ,v n (d) ͔), so that, in fact, the operators r n Ј in ͑59͒ should be considered as c numbers. This is justified provided the field E n is smooth on the characteristic wavelength ⑄ ͑51͒, i.e.,
The latter inequality is the condition for the electron drift in the fluctuational field to be semiclassical ͓cf. ͑2͒, ͑3͒; in evaluating ٌ͗ n E n ͘ we used Eq. ͑A2͔͒. It follows from the estimate of the field E f ͑3͒ that ͑60͒ and the condition ͑5͒ for the drift of the orbit centers to be semiclassical coincide with each other. The other approximation made in ͑59͒ concerns the time t which was assumed comparatively small so that the variation of the field E n could be ignored and the drift velocity could be assumed time independent. Since Ė n ϳ(ٌ n Ј E n ) ṽ n Ј (d) , the condition ͑60͒ justifies this approximation for tՇt coll ϳ⑄B/E f ͓t coll is given by Eq. ͑65͒ below͔. Equations ͑58͒, ͑59͒ make it straightforward to perform the averaging ͗exp"iqr n (t)…exp"Ϫiqr n (0)…͘. Since the operators p n and r n commute, the trace over the electron states with the weight Z e Ϫ1 exp(Ϫ␤H 0 ) factors into the trace over the wave functions ͉ n ͘ and the integral over the positions of the centers r n of all electrons ͑strictly speaking, the trace is taken over ͉ n ͘ and over the eigenfunctions of the operators ỹ n ͑or x n ), but the latter is reduced to the integral over ͕ r n ͖ in the semiclassical range͒. With the account taken of the commutation relations ͑57͒ for p nϮ we obtain
͑61͒
A simple ͑and useful for what will be done in the analysis of cyclotron resonance͒ way of finding the trace over ͉ n ͘ is to replace in the second line of ͑61͒
where A ␣ ϭl B q ␣ ͓exp(Ϫi␣ c t)Ϫ1͔. To perform averaging the matrix elements
should be multiplied by exp(Ϫ␤ c n ), and then the summation over n should be done ͓it is convenient to sum over n prior to taking the sum over s in ͑62a͔͒. Finally we arrive at the expression
͓the Planck number n is defined in ͑51͔͒.
The functions cos c t, sin c t are fast oscillating ( c is the highest frequency in the problem for quantizing magnetic fields͒. Therefore when ͑61͒ is integrated over time ͑from Ϫϱ to ϱ) to obtain (q) ͑37͒ one may expand the integrand in exp(Ϯi c t) with account taken of ͑63͒ and retain the terms in which the exponents with the opposite signs cancel each other. Then the only term in ͑61͒ that remains t dependent is ͗exp͓iqṽ n (d) t͔͘, and we have
Here, we took into account that the semiclassical averaging over the positions of the centers of electron wave packets r n comes to integrating over r n with the weight ϰexp(Ϫ␤H ee ). Therefore ͗E f Ϫ1 ͘ can be evaluated using the classical distribution of the fluctuational field ͑43͒. We em-phasize that it is only the drift of the centers of the wave packets that is classical: fast cyclotron motion of the electrons is quantized. We notice also that, although the distribution of E f may be anisotropic for a Wigner monocrystal, the anisotropy dropped out of ͑64͒, since we consider scattering which is isotropic in q, and we performed averaging over the directions of q in ͑64͒. Equation ͑64͒ is the condition of energy conservation for elastic scattering: the scattered electron remains on the same Landau level, and the recoil is such that the cyclotron orbit center moves transverse to the fluctuational field E f .
The resulting expression for the correlator (q) is of the form
, t e ϭBl B ͗E f Ϫ1 ͘.
͑65͒
The quantity t e here is the time during which an electron drifts, in the crossed fields E f ,B, over the quantum magnetic length l B ͓cf. Eq. ͑10͔͒. Therefore t e gives the characteristic duration of a collision t coll for TӶ c . It follows from ͑51͒ that for higher T
Equations ͑54͒, ͑65͒ provide a simple explicit expression for the static many-electron conductivity (0) in quantizing magnetic fields ͓the inequality ͑66͒ specifies the range of the fields where ͑65͒ applies͔. For low temperatures, nӶ1, the major contribution to (q) comes from the term in the sum ͑65͒ with mϭ0, and the expression for (0) coincides with the result obtained earlier. 31 In the opposite limit of high T where nӷ1, the sum in ͑65͒ can be replaced by an integral, and the latter can be evaluated by the steepest descent method. The result coincides with Eq. ͑49͒ obtained above by a completely different method.
B. Cyclotron resonance
General expression for the conductivity
For strong magnetic fields, c ӷ1, the resonant contribution to the many-electron conductivity () ͑16͒ at the cyclotron resonance frequency ϭ c comes from the term in the correlation function of the momentum ͗P x H (t) P x H (0)͘ which, in the absence of scattering, oscillates as exp(Ϫi c t). Keeping this term only and expressing it in terms of the raising and lowering operators p n␣ ͑57͒ we get
Similar to ͑17͒ we may write
where the operator Ĝ ϩ (t) satisfies the kinetic equation ͑20͒ with the initial conditions specified in ͑68͒. As in Sec. III B, in Eq. ͑68͒ we introduced the operator Ĝ ϩ (t) instead of Ĝ ϩ (t), because the matrix elements of the operators in the collision integral for Ĝ ϩ (t) on the wave functions of the many-electron system are determined by the evolution of the system during the time ϳt coll . This evolution can be described explicitly in the range where the drift of the cyclotron orbit centers is semiclassical ͓in contrast, the collision integral for Ĝ ϩ (t) is determined by the evolution of the electron variables during the time ϳ which is not known͔.
The solution of the kinetic equation for fast interelectron momentum exchange
Electron-electron interaction affects the shape of the peak of cyclotron resonance ͑67͒ through its effect on the decay of the operator Ĝ ϩ (t). As explained in Sec. II D, this effect is twofold: ͑i͒ electron-electron interaction defines the mechanism of collisions with the scatterers in a strong magnetic field, and ͑ii͒ if the interaction is strong enough so that the rate of interelectron momentum exchange ex Ϫ1 exceeds the collision rate Ϫ1 , it defines the functional form of the operator Ĝ ϩ (t), and thus not only the broadening, but also the shape of the absorption spectrum ͑e.g., Lorentzian vs nonLorentzian͒.
Resonant absorption at cyclotron frequency corresponds to the transitions between the Landau levels, ͉͘→͉ϩ1͘. We note that broadening of the absorption line is due not to very occasional collision-induced transitions between the levels ͑''longitudinal relaxation,'' in spectroscopic terms͒. The actual mechanism is random modulation of the difference of phases of the wave functions of adjacent Landau levels, which is induced by electron collisions with scatterers in the fluctuational field. This modulation is also the modulation of the transition frequency. Modulational broadening of resonant absorption lines is well known in different contexts in solid state spectroscopy ͑cf. Ref. 42͒ .
Although electron-electron interaction does not give rise to the spectrum broadening, it may cause transitions between the Landau levels of individual electrons. The transition probability is given by the rate at which the amplitude p n␣ exp(Ϫi␣ c t) of the quantized electron momentum is changed. For an nth electron this rate can be estimated from the equation dp n /dtϭeE n ͕͑r n Ј ͖͒ϩ e m p ϫB.
If one expands r n Ј in l B 2 p n Ј using ͑55͒, one finds that the rate of the momentum amplitude change is ϳe(ٌ n E n )l B 2 ͑for the mean occupation number of the Landau levels nՇ1). Therefore it follows from ͑A2͒ that the interlevel transitions occur more frequently than collisions with scatterers provided
͓we have used here the estimate of the fluctuational field ͑3͒ and the expression for the characteristic plasma frequency p ͑4͔͒. The criterion ͑69͒ justifies the condition ͑13͒ and, as explained in the discussion of ͑13͒, is also sufficient for the fluctuational field that drives an electron to be randomized between successive collisions with scatterers.
We notice that ͑69͒ is not necessary for applicability of the quantum transport equation and of the decoupling used in the transition from ͑53͒ to ͑54͒, this decoupling requires a weaker inequality t coll Ӷ ͓t coll is defined in ͑66͔͒.
In the range ͑69͒ the dominating term in the equation of motion for the operator Ĝ ϩ (t),
is the first term which is linear in the electron-electron interaction H ee ͓Eq. ͑21a͒ is similar to Eqs. ͑20͒, ͑21͔͒. Therefore the major term in the solution of ͑21a͒ is a function of the total electron momentum P Ϯ (t) ϵexp͓iĤ 0 t͔P Ϯ (0)exp͓ϪiĤ 0 t͔ and of the energy Ĥ 0 ͓cf. Eq. ͑33͔͒. In view of the initial condition ͑68͒ and taking into account that ͑i͒ the operator Ĝ ϩ (t) has a symmetry of the momentum operator, and ͑ii͒ we are considering elastic scattering, and therefore the total electron energy and distribution over the energy do not change, we will seek Ĝ ϩ (t) in the form
The function g ϩ (t) is slowly varying; it accounts for relaxation. Fast oscillating terms in g ϩ are small and nonresonant, and they have been dropped. In fact, even in the neglect of fast oscillating terms g ϩ still may be an arbitrary function of the operator P ϩ (0)P Ϫ (0)ϵP ϩ (t)P Ϫ (t); however, it follows from the form of the collision integral derived below ͓see Eq. ͑71͔͒ that the terms "P ϩ (0)P Ϫ (0)… m in g ϩ that have different m are decoupled from each other in the statistical limit of the large number of electrons. Therefore from the initial condition ͑68͒ it follows that g ϩ (t) is a c number.
The collision term
Time evolution of the function g ϩ (t) in ͑70͒ is determined by the collision term in ͑21a͒. To find it we notice that the duration of a collision is given by the time of flight t coll ͑66͒ of an electron past a scatterer in the fluctuational field. Therefore, in the collision integral in ͑21a͒ the actual time difference tϪtЈϳt coll . Although tϪtЈ largely exceeds c Ϫ1 , it is still small compared to the time ϳ c / p 2 over which the electric field driving an electron varies substantially. Consequently we may assume the field to be constant, and then write the operators in ͑21a͒ in the form similar to that used in Eq. ͑59͒:
The exponentials exp͓Ϯi c (tЈϪt)͔ in the term exp͓Ϫiqr n (tЈ)͔ are fast oscillating for tϪtЈϳt coll ӷ c Ϫ1 . Therefore one should keep only diagonal terms in the expansion of exp͓Ϫiqr n (tЈ)͔ in exp͓Ϯi c (tЈϪt)͔, which means that the corresponding operator may be expressed in terms of the operator M n introduced in ͑62͒ ͓with A ␣ ϭl B q ␣ exp"Ϫi␣ c (tЈϪt)…͔. At the same time, in the derivation of the kinetic equation ͑20͒ it has been assumed that both the operator Ĝ itself and the collision term as a whole are smooth functions of time ͓it is seen from ͑68͒, ͑70͒ that time evolution of Ĝ ϩ (t) is given by that of g ϩ (t), i.e., Ĝ ϩ (t) is indeed smooth͔. It follows from these arguments, with account taken of the fact that the operators p n␣ (t) oscillate approximately as exp (i␣ c t) , that the substitution ͑62͒ should be applied to the p nϮ -dependent terms not only in exp͓Ϫiqr n (tЈ)͔, but also in exp͓iqr n (t)͔ ͑in the latter case A ␣ ϭϪl B q ␣ ).
With Eq. ͑62͒ taken into account we can rewrite the collision term in ͑21a͒ in the form
͑71͒
We notice that all operators here ͓including the ones in Ĝ ϩ (t), cf. ͑70͔͒ are evaluated at the same time tϭ0.
In deriving ͑71͒ we took into account that in the semiclassical domain ͑5͒, different components of r n ,ṽ n (d) commute not only with p nϮ but also with each other, and hence with exp(Ϫ␤H 0 ) and with Ĝ ϩ (t) as a whole. In the same semiclassical approximation the operator Ĥ 0 in Eq. ͑70͒ for Ĝ ϩ (t) can be written in the form ͑58͒ of the sum of the terms that correspond to quantized cyclotron motion and to semiclassical drift of the centers of electron orbits r n . Therefore the operators M n in ͑71͒ commute with exp(Ϫ␤H 0 ) in Ĝ ϩ (t), and the only term in Ĝ ϩ (t) they do not commute with is P ϩ (0).
It follows from the above arguments that the right-hand side of Eq. ͑71͒ is a sum of collision probabilities for individual electrons,
͑this expression should be further summed over the momentum transfer q). The above form is not the same as the form of the expression ͑70͒ for Ĝ ϩ (t), which is a sum of p nϩ multiplied by an operator independent of n. This is a consequence of the collision probability being dependent on the state of the electron, as explained in Sec. II D. In the range ͑69͒, where the interlevel transitions due to electron-electron interaction are comparatively frequent, the relaxation rate is determined by the collision probabilities averaged over the electron states, and therefore the above expression has to be appropriately averaged. Formally, the averaging can be done and the equation for the function g ϩ (t) in ͑70͒ can be obtained by substituting ͑70͒, ͑71͒ into the kinetic equation ͑21a͒, multiplying by P Ϫ (0) from the left and taking trace over the states of the many-electron system. With account taken of the expression
one arrives at the following equation for g ϩ (t):
͑72͒
Both P Ϫ (0) and the collision term ͑71͒ are sums over the electrons; the contribution to ͑72͒ comes from the diagonal terms in the trace of their product ͑the terms that refer to the same electrons͒. Averaging over the occupation numbers of the Landau levels n of the term in the double commutator in ͑71͒ with a given n multiplied by p nϪ (0) may be performed using Eq. ͑62͒ ͑in fact, it can be simplified using some operator identities, but the details go beyond the scope of this paper͒. It follows from Eqs. ͑67͒, ͑68͒, ͑72͒ that in the range ͑69͒ the conductivity () near the cyclotron frequency has a Lorentzian peak:
The halfwidth of the peak ␥ is determined by the rate of the collisions in the many-electron fluctuational field. For c t coll ӷ1 it is proportional to the time of flight t e past a short-range scatterer ͑65͒.
We note that Eq. ͑72͒ for the relaxation rate ␥ can be written in the form in which ␥ is expressed in terms of the frequency-dependent electron structure factor (q,),
This form is familiar from the memory function theory. 43 We emphasize that, in evaluating the structure factor, we allow explicitly for strong electron correlations. Also, in contrast to the memory function theory, our technique makes it possible to investigate the limits of large and small ratio ex /.
In the ultraquantum limit c ӷT Eqs. ͑72͒, ͑73͒ go over into the result of Ref. 31. In the opposite limit, c ӶT ͓but
͔, Eqs. ͑72͒, ͑73͒ go over into the result of the strong-field classical theory given by Eqs. ͑38͒, ͑40͒, ͑49͒ ͓however, quantum corrections to ͑49͒ may be sometimes substantial even for c ӶT; see below͔. We note that, as expected, in quantizing magnetic fields the frequency dispersion of the structure factor is substantial, and the relaxation rate Ϫ1 that determines the static conductivity and is expressed in terms of (q,→0) ͓cf. ͑54͒, ͑65͔͒, and the halfwidth of the cyclotron resonance peak ␥ ͑72͒, ͑74͒ do not coincide with each other.
Cyclotron resonance for slow interelectron momentum exchange
The shape of the cyclotron resonance peak differs from Lorentzian in the case where the duration of the collision t coll is small compared to the reciprocal scattering rate , but the latter is small compared to the time ex over which the correlations in the electron system decay,
In this case the electron momentum is randomized because of collisions with scatterers faster than it is exchanged with other electrons ͑cf. the discussion in Sec. II D͒. Since the collisions are short compared to the intervals between successive collisions, the many-electron kinetic equation ͑21a͒ still applies, but now the term i͓Ĝ ϩ ,Ĥ ee ͔ in ͑21a͒ is small compared to the collision term, and to zeroth order in p 2 / c it can be neglected. A solution of the kinetic equation can be obtained in the extreme quantum limit where electrons occupy only the lowest Landau level, nӶ1. One can seek it in a quasi-single-electron form ͑''quasi'' here means that we take into account that collisions with scatterers are strongly affected by the electron-electron interaction͒,
One then finds from ͑71͒ that the functions g nϩ (t) exponentially decay in time, but the decrements for different electrons ͑different n) are determined by the ''instantaneous'' values of the reciprocal fluctuational field E n Ϫ1 : this field is randomized over the time c / p 2 which exceeds the time over which the functions g nϩ (t) decay. The averaging over the field has to be done in the final expression for the conductivity, and therefore we get
The averaging over the field E f is performed with the distribution ͑43͒.
It is seen from ͑76͒ that in its maximum (ϭ c ) the conductivity is given by the average reciprocal scattering rate. This is similar to the static conductivity (0) in the single-electron approximation for Bϭ0. On the tails of the cyclotron resonance peak, ͉Ϫ c ͉ӷ␥, the expression ͑76͒ goes over into Eq. ͑73͒. This is again similar to what happens for low-frequency single-electron conductivity in the absence of the magnetic field: for ӷ1 it is given by the average single-electron scattering rate ͑not the average reciprocal rate͒.
VII. CONDUCTIVITY AND CYCLOTRON RESONANCE FOR SPECIFIC SCATTERING MECHANISMS
The expressions for the static conductivity and for the parameters of the cyclotron resonance spectrum are simplified for specific scattering mechanisms. In the analysis we will assume that the distribution of the fluctuational field E f is Gaussian,
has been shown 33͑b͒ to describe the substantial central part of the distribution (E f ) in the broad range 20Շ⌫Շ200. In particular, to an accuracy better than 10% the mean reciprocal field,
Equation ͑77͒ makes it possible to characterize the effect of the electron-electron interaction on the conductivity and cyclotron resonance by one parameter, the mean square fluc- One of the results that immediately follows from ͑77͒ is the explicit shape of the cyclotron resonance peak ͑76͒ in the range of quantizing magnetic fields for the case where the relaxation rate exceeds the interelectron momentum exchange rate, ex Ϫ1 Ӷ Ϫ1 Ӷt coll Ϫ1 . It is seen from Fig. 5 that this shape is noticeably different from Lorentzian.
In the range of fast interelectron momentum exchange, which is of central interest for the present paper, the dependence of the conductivity and cyclotron resonance on the magnetic field is characterized by two parameters, B/B 0 and B/B T where
The parameter B 0 gives the magnetic field for which there arises magnetoresistance ͓the encountering factor ͑9͒ discussed in Sec. III B is ϳB 2 /B 0 2 in classical magnetic fields͔. The field B T ''separates'' the regions of quantizing and nonquantizing magnetic fields for a given temperature (ប c ϭT for BϭB T ).
The ratio
⑄ T /T) 1/2 , and therefore if the electron motion is classical in the absence of magnetic field ͑see Sec. II A͒, then B 0 ӶB T . In this case the decrease of the static many-electron conductivity with increasing B, which is described by the Drude law ͑39͒ for BӶB 0 , saturates for B 0 ӶBӶB T . The conductivity becomes nearly independent from magnetic field, and according to ͑39͒, ͑49͒ is given by the expression
The conductivity ͑79͒ is determined by the fluctuational electric field. Its dependence on the electron density is strongly sublinear and, in fact, very weak, sat ϰn s 1/4 , according to ͑3͒. The value ͑79͒ provides the scaling factor for the conductivity in strong magnetic fields.
In the range BӶB T the expression for the scaled static conductivity for Gaussian distribution of the field E f is of the form ͑clearly, →1 for B/B 0 →ϱ). The explicit expression for the reduced conductivity for quantizing fields, BտB T , follows from ͑54͒, ͑65͒, ͑79͒. We note that the fluctuational field drops out of in quantizing fields.
A. Delta-correlated random potential
The analysis of the conductivity becomes particularly simple in the important case of a ␦-correlated random potential,
Here,
Bϭ0
Ϫ1 is the scattering rate Ϫ1 ͑38͒ for Bϭ0.
The value of at saturation ͑79͒ for ␦-correlated potential is of the form
In classically strong fields we obtain from ͑80͒
whereas in the range
͑which includes the range of quantizing fields͒ we obtain from ͑54͒, ͑65͒
͓ as given by ͑85͒ approaches 1 for nӷ1; we note that the condition ͑84͒ coincides with the condition c t coll ӷ1 ͑66͔͒. It is seen from ͑83͒, ͑85͒ that the conductivity has a minimum as a function of B in the range BϳB 0 : it decays as B Ϫ2 for BӶB 0 , and for BӷB T it increases as B 1/2 . The dependence of the reduced conductivity on B is shown in Fig. 6 .
The halfwidth of the cyclotron resonance absorption peak ␥ in the range of classically strong fields is seen from ͑40͒ to be given by m c 2 /e 2 n s . It is independent of electron density and of B for BӶB 0 . As B approaches B 0 the halfwidth starts increasing with B; for B T ӷBӷB 0 we have ␥ϰB 2 . In the range ͑84͒ ␥ is given by Eq. ͑72͒. It can be easily evaluated for the ␦-correlated potential ͑81͒:
͑86͒
It is seen from Eq. ͑86͒ that the halfwidth of the cyclotron resonance peak increases with the magnetic field as B 3/2 for BӷB T ͑i.e., slower than in the range B 0 ӷBӷB T ). The parameter ␥ explicitly depends on electron density for BտB 0 .
B. Electrons on helium surface
For electrons on helium surface with a density n s ϭ10
and Tϭ1 K the fluctuational field is Ϸ0.54 T. Therefore the specific features of many-electron transport are accessible to experimental investigation.
Electrons on helium are scattered by helium vapor atoms and by capillary waves, ripplons. The advantageous feature of the system is that the interaction with the scatterers is known and can be easily controlled: the saturated vapor density can be changed by orders of magnitude in a comparatively narrow range around 1 K just by changing temperature, whereas the coupling to ripplons can be changed by varying the field E Ќ that presses electrons against the helium surface.
Since in the limit of weak coupling to the scatterers the scattering events are independent from each other, the relaxation rates for scattering by vapor atoms and by ripplons add up, and they will be analyzed separately. In the analysis we will imply the standard variational form of the wave function of the electron motion transverse to the surface ͑in the z direction͒ ͑z͒ϭ2␥ Ќ 3/2 zexp͑Ϫ␥ Ќ z ͒. ͑87͒
Vapor scattering
The cross section of a helium atom b He 2 Ϸ5 Å 2 , and so helium vapor atoms create a nearly ideal ␦-correlated potential. Therefore the magnetoconductivity and cyclotron resonance in the case of vapor scattering are described by the expressions ͑81͒-͑86͒. The explicit form of the squared matrix elements of the coupling to the vapor atoms is 
where N v is the ͑3D͒ vapor density. The corresponding value of the scattering rate for Bϭ0 to be used in ͑82͒-͑86͒ is
Ripplon scattering
The effective intensity of the random field of shortwavelength ripplons is of the form
where ␣ is the surface tension, ␥ Ќ (0) ϭ(me 2 /4ប 2 )(Ϫ1)/ (ϩ1) is the value of the variational parameter ␥ Ќ for E Ќ ϭ0, is the dielectric constant of helium, and
The first term in ͑89͒ describes coupling to ripplons due to the field E Ќ that presses electrons against the surface, whereas the terms with E pol are related to the change in the energy of the electron-induced polarization of helium due to ripplons. The terms with E pol correspond to a random quasistatic Gaussian potential with a small correlation length. The term ϰE Ќ 2 diverges for small q ͑it has a cutoff at the reciprocal capillary length͒, i.e., the corresponding term describes a long-range potential. This divergence is seen from Eqs. ͑38͒ and ͑45͒, and ͑54͒ and ͑65͒ to be ''dangerous'' only in the range BϳB 0 : in both quantizing fields BտB T and comparatively weak fields BӶB 0 the sums over q contain weighting factors that fall down fast with the decreasing q.
It is convenient to evaluate separately the contributions to the magnetoconductivity of each of the three terms in ͑89͒. Respectively, we write the magnetoconductivity in the form
The dependence of the term E Ќ ϰE Ќ 2 on B in the range of strong fields ͑84͒ can be obtained from Eqs. ͑54͒, ͑65͒,
͑92͒
It follows from ͑92͒ that E Ќ does not display saturation with the increasing B. Its dependence on B is monotonous. In particular, E Ќ ϰB Ϫ1/2 for BӷB T . In the opposite limit of large n ͑i.e., for BӶB T ) the sum over m in ͑92͒ is close to (2/) In deriving ͑93͒ we used Eqs. ͑37͒, ͑59͒, ͑61͒, ͑63͒; averaging over fluctuational field was done using ͑77͒. Equations ͑54͒, ͑93͒ make it possible to write the reduced conductivity E Ќ in the form Numerical results for E Ќ are shown in Fig. 7 . The analysis of the second and third terms in the expression for the ripplon conductivity ͑91͒, cr and pol , is similar to the analysis of the conductivity for a ␦-correlated random potential. The dependence of the conductivities cr , pol on B is nonmonotonous, they reach minima in the range B 0 ӶBӶB T and then increase with the further increase of B. Their behavior for BӶB T is described by Eqs. ͑79͒, ͑80͒, ͑89͒. The functions 1,2 depend on temperature and, through the variational parameter ␥ Ќ , on the pressing field E Ќ . In the actual case where the thermal wavelength ⑄ T is large compared to the localization length in the direction transverse to the helium surface we obtain from ͑89͒, ͑95͒
In the range BտB T the conductivities cr , pol increase with the magnetic field. In the limit BӷB T we have cr ϰB 1/2 , pol ϰB 3/2 to an accuracy of a factor that smoothly depends on B ͑approximately as a logarithm of ␥ Ќ l B ). The explicit expressions for the relaxation rate Ϫ1 in the case ␥ Ќ l B ӷ1 are given in Ref. 45 . The reduced conductivities cr , pol as functions of B obtained from ͑54͒, ͑65͒, ͑80͒, ͑89͒ are shown in Figs. 8 and 9 .
The overall conductivity ͑91͒ due to the ripplon scattering has a minimum as a function of magnetic field. The position of the minimum depends on temperature, electron density ͑in terms of the mean square fluctuational field ͗E f 2 ͘), and the pressing field E Ќ . The occurrence of the minimum is a many-electron effect. Figures 6-9 refer to the case where the saturation of Ϫ1 with the increasing B occurs in classical magnetic fields, i.e., for B 0 ӶB T . However, the theory applies for an arbitrary ratio between the field B 0 ͑78͒ and B T ϵmT/បe provided there holds the inequality
Ӷ1
which is equivalent to ͑2͒. Detailed comparison of the theory and the experiment for electrons on helium will be given in Ref. 45 .
VIII. CONCLUSIONS
We have considered electron transport in classical and semiclassical strongly correlated electron systems for shortrange electron scattering. The effects of electron-electron interaction on electron transport have been described in a nonperturbative way. The basic physical idea is that although relaxation of the total electron momentum occurs via individual electron collisions with scatterers, during the collision the electron is driven by a fluctuational field from other electrons, and this field may dramatically change the character of the collisions, particularly in a strong magnetic field.
We investigate the case in which the collisions are short, so that the fluctuational field does not vary in time during a collision and is uniform over the electron wavelength. Both these two conditions are met in the classical domain, , where the electron motion is a superposition of a quantized cyclotron motion and a nearly classical drift of the centers of cyclotron orbits.
The analysis is based on the many-electron quantum transport equation. We derive this equation and develop techniques for solving it, for classical and semiclassical domains. The solutions are obtained in the limiting cases of large and small ratios between the rate ex Ϫ1 of interelectron momentum exchange due to electron-electron interaction and the relaxation rate Ϫ1 due to collisions with the scatterers. For ex Ӷ the general expression for the conductivity coin- cides with the expression which can be formally written in terms of the memory function ͓cf. Eq. ͑74͔͒. We emphasize that, in evaluating the electron structure factor, we do not use the random phase approximation: the major effects come from strong electron correlations. It follows from the results that, in the classical and semiclassical domains, polaronic effects of the mass renormalization due to short-wavelength scattering are small. If ex Ӷ then, because of the many-electron effects, up to moderately strong B ͑including classically strong fields, c ӷ1, but ប c Ͻe͗E f
⑄ T ), the frequency-dependent conductivity () is described by the single-electron Drude formula.
For higher magnetic fields the scattering rate starts to increase with B, and in quantizing fields the conductivity as a whole increases with B, i.e., is a nomonotonous function of B. The dependence of the conductivity on the magnetic field has a simple form for a ␦-correlated random potential ͑cf. Fig. 6͒ . A detailed comparison of the results on the static conductivity with the experiment is given in Ref. 45 .
If coupling to the scatterers is comparatively strong, so that for Bϭ0 there holds the inequality ex Ϫ1 Շ Ϫ1 , the static conductivity of the classical strongly correlated manyelectron system is still given by the single-electron theory provided Tӷប Ϫ1 . The many-electron effects may come into play in a certain range of classically strong magnetic fields, Ϫ1 Ӷ c ӶT/ប, but the range of classically strong B where there is no magnetoresistance disappears. With further increase of B the relaxation rate Ϫ1 increases quickly, and the duration of a collision t coll as determined by the time of flight past a defect becomes larger than , which means that the idea of successive collisions no longer applies. The crossover to effectively strong coupling occurs in strong enough quantizing fields even if ex Ϫ1 ӷ Ϫ1 for Bϭ0, since, for ប c ϾT and for short-range scattering, t coll ϰB 1/2 and Ϫ1 ϰB 3/2 . These arguments explain why in some cases the single-electron theory which ignores correlations in the nondegenerate electron system is in reasonable agreement with experiment, 11, 12 whereas in other cases many-electron effects are dominating. 7, 8, 13, 14, 17, 45 
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APPENDIX: QUANTUM CORRECTIONS TO THE MANY-ELECTRON CLASSICAL RELAXATION RATE
In the range of weak to moderately strong magnetic fields where TӷeE f ⑄ T ӷ c an electron is moving nearly classically. The characteristic duration of a collision with a shortrange scatterer t coll ϭT Ϫ1 ͑44͒ is small compared to c Ϫ1 . The change of the velocity of an electron due to the acceleration in the fluctuational field over the time t coll is small compared to the thermal velocity (T/m)
